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We measure the spin dephasing of holes localized in self-assembled (InGa)As quantum dots by
spin noise spectroscopy. The localized holes show a distinct hyperfine interaction with the nuclear
spin bath despite the p-type symmetry of the valence band states. The experiments reveal a short
spin relaxation time τhhfast of 27 ns and a second, long spin relaxation time τ
hh
slow which exceeds the
latter by more than one order of magnitude. The two times are attributed to heavy hole spins
aligned perpendicular and parallel to the stochastic nuclear magnetic field. Intensity dependent
measurements and numerical simulations reveal that the long relaxation time is still obscured by
light absorption, despite low laser intensity and large detuning. Off-resonant light absorption causes
a suppression of the spin noise signal due to the creation of a second hole entailing a vanishing hole
spin polarization.
PACS numbers: 72.70.+m, 72.25.Rb,78.67.Hc, 85.75.-d
The spin of heavy-holes in quantum dots is carefully
examined as a possible candidate for qubit implemen-
tation in solid-state based quantum information devices
and has seen a large increase in research in recent years.
Measurements on In(Ga)As/GaAs quantum dot (QD)
ensembles yield hole spin dephasing times at zero exter-
nal magnetic field of tens of nanoseconds.[1] Calculations
show that these rather short hole spin relaxation times
result from strain induced dipole-dipole interaction with
the nuclei and that much longer heavy-hole (HH) spin re-
laxation times in Ising-type nuclear-spin interacting sys-
tems are finally limited by single hole-acoustic-phonon
scattering and two-phonon processes.[2] The strength of
the hole-hyperfine interaction has been extracted from
pump-probe and time-resolved photoluminescence and
resonance fluorescence experiments whereat the pump-
probe experiments demonstrate the quenching of the
hole-spin relaxation by an external longitudinal magnetic
field which exceeds the effective nuclear field.[1, 3] Fur-
ther experiments on single In(Ga)As/GaAs QDs show
optical initialization of hole spins by optical pumping
and highly coherent hole spins in coherent population
trapping.[4, 5]
All the above experiments are based on different kinds
of setups with significant perturbations of the QD sys-
tem. In this letter, we demonstrate spin noise spec-
troscopy (SNS) as an alternative low perturbation and
in principle quantum mechanical non-demolition exper-
iment [6–8] to study the interaction of localized heavy
holes with the surrounding nuclear spin bath in depen-
dence on external longitudinal and transverse magnetic
fields. Spin noise spectroscopy has been used on QD
ensembles once before, however, mainly to study the
anisotropy of the heavy hole g-factor.[9] In the following
we apply magnetic fields at oblique angle with respect to
the projection direction (z) of our all optical spin sensi-
tive probing technique. The effective magnetic field given
by the superposition of the stochastic nuclear and the ap-
plied external magnetic field divides the spin dynamics
into a longitudinal and transverse component. The pro-
jection of both components onto the detection direction
yields simultaneous access to the complete spin dynamic.
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FIG. 1: (Color online) Experimental setup.
Spin noise spectroscopy utilizes in general the sta-
tistical fluctuations of a spin polarization at thermal
equilibrium which contain according to the fluctuation-
dissipation theorem the full temporal dynamics of the
spin system under infinitesimal external perturbation.
The spin fluctuation is recorded via non-resonant Fara-
day rotation of a linearly polarized probe laser. Figure 1
shows the corresponding experimental setup. The light
source is a commercial low noise, tunable diode laser in
Littman configuration. The linearly polarized laser light
is focused to a beam waist of about 1 µm on the sam-
ple which is mounted in a free beam confocal microscope
in a liquid Helium dewar at a constant temperature of
4.2 K. The sample is a single layer of InAs/GaAs quan-
tum dots grown by molecular beam epitaxy on (100)-
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FIG. 2: (Color online) Typical spin noise difference spectrum
(black line) at an excitation intensity of 140 µW/µm2 and
the corresponding fit (red curve) with one Lorentzian and one
Gaussian curve centered at zero frequency. (Inset) Polariza-
tion resolved QD PL spectrum measured in growth direction.
oriented GaAs inside the antinode of a λ-Bragg cavity
with 13 and 30 GaAs/AlAs layers for the top and bot-
tom mirror, respectively. The high finesse microcavity
enables SNS measurements in reflection and enhances the
Faraday rotation noise signal without increasing the op-
tical shot noise. The QD density varies spatially from
zero to about 100 dots/µm2 and some of these QDs are
filled by a single hole due to the MBE p-type background
of typically 1014 holes/cm3. We choose for our SNS mea-
surement a sample region with high dot density to in-
crease the signal to noise ratio and to ensure that each
QD is occupied in average by less than one hole from the
background doping. Magnetic fields of up to 30 mT are
applied both in Faraday and Voigt geometry. The spin
induced stochastic Faraday rotation of the linear polar-
ization of the reflected laser light is resolved outside the
He dewar by a combination of a Wollaston prism and an
80 MHz low noise balanced photo receiver. The detected
electrical signal is amplified by a low noise amplifier, dig-
itized with 180 MHz sampling rate in the time domain,
and Fourier transformed in real time. The noise back-
ground due to optical shot noise of the laser and electrical
noise of the balanced receiver and the amplifier is elimi-
nated by subtracting spin noise spectra with and without
applied external magnetic field from each other.[8] This
method works well due to the strong influence of the
magnetic field on the spin noise spectra.
First, we characterize the sample by polarization re-
solved photoluminescence (PL) measurements. The inset
of Fig. 2 shows the measured PL for excitation and de-
tection in growth direction. The measured PL line width
of individual QDs of 40 µeV is limited by the resolu-
tion of the spectrometer. Statistics over many sample
spots show that about half of the measured QDs do not
show an anisotropic exchange interaction splitting which
is a good indication that these QDs are charged.[10] We
observe QD PL in the growth direction only within the
spectral width of the cavity resonance of 2.4 meV. Mea-
surements from the side of the sample with a larger laser
spot yield a QD PL width of 30 meV and we estimate ac-
cordingly that about 50 charged QDs are located within
our 1 µm laser spot.
Next, we measure spin noise (SN) at the identical sam-
ple position as the depicted micro PL. Figure 2 shows
an exemplary SN spectrum at Bextz = 12 mT minus a
SN spectrum at Bextz = 0 mT where z is the growth
direction and the direction of laser propagation. The
laser wavelength has been red-detuned for this SN mea-
surement from the closest charged QD resonance by ap-
proximately 20 times the full width at half maximum
(FWHM) of the QD ground state transition. We do not
observe a significant dependence of the SN spectrum on
laser detuning which indicates that we indeed measure
the spatio-spectral average of the QD ensemble in the
laser focus.
The SN spectrum in Fig. 2 is fitted by one Lorentzian
and one Gaussian curve, both centered at zero frequency.
The fitting analysis reveals that the areas of the two
curves are in very good approximation equal but have
opposite signs. This is reasonable since the integrated
spin noise power does not depend on magnetic field and
the opposite sign results from calculating a difference
spectrum. The fitting analysis yields a spectral νFWHM
of 1.5 MHz for the Lorentzian curve (Bextz = 12 mT)
and 11.9 MHz for the Gaussian curve (Bextz = 0 mT).
The two νFWHM translate by νFWHM = 1/(piτ
hh
fast,slow)
[11] to hole spin relaxation times τhhslow = 215 ns and
τhhfast = 27 ns, respectively. The spin relaxation time of
27 ns results from the transverse stochastic nuclear spin
orientation in the QDs. The statistical nuclear spin fluc-
tuations yield for the holes an effective nuclear field BNhh
due to dipole-dipole interaction and τhhfast is the corre-
sponding QD HH spin transverse T ∗2 time, i.e., describes
the spin dynamics of the HH spin components which are
perpendicular to BNhh. The T
∗
2 time translates with a HH
g-factor of 0.15 [9] to BNhh ≈ 6 mT which is in excellent
agreement with pump-probe experiments on very simi-
lar ensembles of p-doped InAs-QDs and theory.[1] The
excellent agreement confirms that our QDs are in fact
occupied by heavy-holes. We can exclude loading of the
QD with two holes since spin noise vanishes if both, the
HH spin-up and spin-down, states are occupied. We can
also exclude loading by a single electron since electron
spin relaxation times in InAs-QDs are shorter by one or-
der of magnitude at Bextz = 0 mT due to the much more
efficient hyperfine interaction.
Figure 3 depicts the dependence of the SN spectrum
on a longitudinal magnetic field in more detail. The
measurement clearly shows that the spectrally broad
Bextz = 0 mT, T
∗
2 spin noise power is gradually trans-
ferred with increasing Bextz into the narrow, longitudi-
nal SN peak. This transfer of spin noise power and the
width and amplitude of the narrow peak saturate for
Bextz ≫ BNhh.
We have also studied at Bextz = 0 mT the spin re-
laxation time of HH spins pointing along the stochastic
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FIG. 3: (Color online) Spin noise difference spectra at Bextz =
5.1 mT (blue), 8.6 mT (green), 12 mT (red), and 15.4 mT
(black) minus Bextz = 0 mT. (Inset) Intensity dependence of
the narrow SN peak (1/(piτhhslow)) for B
ext
z = 30 mT.
FIG. 4: (Color online) Calculated FWHM of the SN power in
dependence on laser intensity for a hypothetic γI=0 = 10
5 Hz
(∼= τhhslow ≈ 31 µs ) at zero laser intensity. (Inset) Comparison
of calculated (black line) and measured (red dots) FWHM.
The probability of light absorption by a single QD at resonant
excitation is not exactly known in our microcavity sample and
set as adjustable parameter to 1/6 · 10−3.
nuclear magnetic field by measuring a SN spectrum at
Bextx,z = 0 mT minus a SN spectrum at a transverse exter-
nal magnetic field Bextx . A high transverse magnetic field
[12] of Bextx = 18 mT shifts the complete SN power out of
the detection window, i.e., the difference spectrum only
includes the SN power at Bextx,z = 0 mT. The broad T
∗
2 SN
spectrum is in this configuration less clearly visible since
the narrow, longitudinal (Tl) and the broad transverse
(T ∗2 ) SN peaks have the same sign. For B
ext
x = 6 mT,
we measure only about half the amplitude of the longi-
tudinal SN at Bextx,z = 0 mT since the total magnetic field
is tilted in average by 45◦ with respect to the z-axis if
Bextx = B
N
z . The tilting reduces the observed Tl spin
noise power by a factor of two since the projection of
the HH spins pointing along the tilted magnetic field on
the z-direction is 1/
√
2. The Tl SN measurements with
transverse magnetic fields thereby confirm the amplitude
of BN which has been extracted from T ∗2 measured with
longitudinal magnetic fields. We want to point out that
a tilted magnetic field reveals in SNS in general Tl and
T ∗2 at the same time, the first as a SN spectrum at ν = 0
and the second shifted by the Larmor frequency.
Next, we want to demonstrate that the measured τhhslow
is not the intrinsic longitudinal spin relaxation time but
significantly altered by light absorption. Spin noise spec-
troscopy can be in principle a non-demolition technique
but our QD measurements reveal a clear intensity de-
pendence for τhhslow . The inset in Fig. 3 shows that the
FWHM of the narrow peak atBextz = 30 mT decreases al-
most linearly with decreasing excitation intensity. A lin-
ear extrapolation to zero intensity might be tempting but
the intensity dependent broadening of the SN spectrum
is different for each QD due to the different detunings of
the laser frequency from the individual QD resonances.
The dependence of the integrated SN spectrum of the
QD ensemble on the intensity I can be calculated by
+∞∫
0
G(E, I) · n2(E) · R(E, I) · L(γ(E, I))dE (1)
where G(E) is the Gaussian energy distribution of the
QDs ground state resonance with a measured FWHM of
30 meV, n is the dispersive part of the QD refractive
index at the laser frequency, R(E, I) = 1 − α(E, I)τPL
includes that optically excited QDs with the radiative
lifetime τPL do not contribute to the HH SN spectrum
due to Pauli blockade of the heavy holes, and L is the
Lorentzian SN spectrum of a single QD with a FWHM
γ(E, I) = γI=0 + α(E, I)/pi where γI=0 = 10
5 Hz and
α(E, I) is the number of absorbed photons per second.
The calculated νFWHM is depicted in Fig. 4 and reveals
three distinct intensity regimes. A moderate increase of
νFWHM at extremely low laser intensities due to excita-
tion of nearly resonant QDs, a weak increase at inter-
mediate intensities, and a strong increase for very high
intensities where all QDs are strongly excited. A com-
parison with our experimental data (red dots in the in-
set of Fig. 4) shows, firstly, the good agreement between
calculations and experiment, secondly, that the laser in-
tensities of our experiment coincide with the high inten-
sity limit from which a linear extrapolation to zero in-
tensity is not justified, and, thirdly, that the intensity
dependent broadening is significant for Tl but not for
T ∗2 . At first sight, the calculations might imply that
Tl measurements on single QDs by SN are experimen-
tally impractical, however, the relative SN power around
ν = 0 increases significantly with decreasing laser inten-
sity since quasi-resonant QDs are only weakly perturbed
and thereby contribute strongly.[13]
In conclusion, we have measured in a quantum dot en-
semble the Tl and T
∗
2 heavy hole spin relaxation times
4by spin noise spectroscopy. The T ∗2 time and the trans-
verse magnetic field dependence both yield a heavy hole
hyperfine interaction with an effective stochastic nuclear
magnetic field BN ≈ 6 mT. Intensity dependent measure-
ments and calculations show that the very long Tl heavy
hole spin relaxation time is significantly influenced by
laser excitation and that a linear extrapolation to zero
intensity is not justifiable.
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